Objectives: There is a paucity of evidence regarding the optimal dosing of anti-TB drugs in children. The aim of this study was to identify the pharmacokinetic parameters of first-line anti-TB drugs and the concentrations achieved after implementation of the 2010 WHO-recommended paediatric dosages.
Introduction
TB continues to be a major global public health threat in which children bear a significant proportion of the disease mortality and morbidity. In South Africa, childhood TB accounts for 15% -20% of the burden. To compound this, the additional problem of MDR, XDR and totally drug-resistant strains has emerged. 1, 2 Despite these ominous threats, the first-line treatment regimen for TB, comprising isoniazid, rifampicin, pyrazinamide and often ethambutol, has remained stagnant for several decades. With the failure to ensure an adequate control of the childhood TB burden, an evaluation of drug concentrations associated with standard dosing with the existing drugs is paramount since inadequate drug levels may contribute to treatment failure and the problem of MDR TB. 2 The design of paediatric pharmacokinetic (PK) studies needs to be optimized. Paediatric PK studies have often relied on a convenience sampling strategy and a desire to incorporate the 2 h timepoint. However, this 'random' and arbitrary sampling strategy leads to imprecision in PK estimation and is a common source of error. 3 -5 The duration of sampling is most accurate when the sampling time encompasses at least three elimination t 1/2 values for all drugs. 4 An approach that takes these concerns into account is the application of optimal sampling theory, based on Fisher information. 3, 5 Blood draws are performed at particular 'information-rich' timepoints, allowing for the identification of unbiased estimates of PK parameters. Here, we applied optimal sampling theory to the sampling strategy design so that more accurate PK parameter estimates could be identified in children.
The importance of accurately identifying PK parameter estimates in children is to ensure that optimal dosing strategies can be designed. An optimal dose is that which achieves a target concentration that is known to be associated with optimal microbial and clinical outcomes. The reference concentrations most commonly utilized by the WHO have been 2 h drug concentrations. 6 In order to achieve these target 2 h drug concentrations, the WHO recently recommended new treatment doses for children. 7 These 2 h concentrations are often confused with 'peak' (C max ) concentrations; however, McIlleron et al. 8 have shown that they differ. Moreover, 2 h concentrations have been found not to be predictive of clinical outcomes in several studies in adults. 9 -11 Furthermore, these 2 h concentrations were not designed to address the question of acquired drug resistance (ADR); ADR is unquestionably driven by low drug concentrations, which initiate a series of molecular events termed 'the antibiotic resistance arrow of time'. 11 -22 On the other hand, studies in the hollow fibre model (HFM) and in murine TB, and our reanalysis of older guinea pig studies, have identified that it is instead the AUC 0 -24 /MIC and C max /MIC of these first-line drugs that drive efficacy and suppress ADR. 15 -18,22 -24 The HFM studies and computer-aided clinical trial simulations predicted that PK variability was the main driver of therapy failure and ADR in South Africa. 11 This was confirmed in three clinical studies in adults. 12, 13, 25 In one clinical study of 142 adult South Africans, .90% of therapy failure (death, relapse and microbial failure) and 100% of ADR was explained by having low AUC 0 -24 and C max values for pyrazinamide, rifampicin and isoniazid. 12 These findings have since been validated in a separate prospective clinical study. 25 Moreover, these concentration thresholds predictive of outcome in adult TB were virtually the same as those identified in HFM and in mice. 15 -18,22 Here, we investigated how often South African children treated with the new WHO-recommended doses achieved the older reference concentrations used by the WHO as well as how often they achieved the AUC 0 -24 thresholds that predicted clinical outcomes in adults.
Methods

Regulatory compliance
The Institutional Review Boards of the University of KwaZulu-Natal and Johns Hopkins University approved this study.
Study population and setting
Pharmacokinetics of Anti-Tuberculosis Medications in South African Children (PHATISA) is a prospective, single-centre, observational PK study that was conducted at the King Edward VIII Hospital in Durban, South Africa, from May 2012 to March 2013. Children 10 years of age or younger with the diagnosis of TB were enrolled. The diagnosis of TB was based on clinical symptoms, radiological findings, tuberculin skin testing, a history of household contact and microbiological confirmation. Children were excluded from the study if they had a haemoglobin level ,60 g/L, an ALT level more than three times the normal value for their age, evidence of coagulopathy based on an abnormal prothrombin time/partial thromboplastin time, a probable diagnosis of abdominal TB based on clinical findings or any history of intolerance or allergy to the first-line anti-TB drugs. Children who were enrolled in another study were also excluded.
Baseline clinical data were obtained for each participant, including age, nutritional status (weight, height, mid upper-arm circumference), ALT, creatinine, blood urea nitrogen and chest radiography. HIV testing was performed by antibody testing for children older than 18 months of age and by HIV DNA PCR for those younger than 18 months of age. Dietary information and concomitant medications were recorded for the 24 h of the blood sampling.
Definitions
The diagnosis of definite TB was made if there was microbiological evidence (by positivity on sputum or tissue culture of Mycobacterium tuberculosis) or probable TB (by a positive acid-fast bacilli smear and/or a classic radiological finding); the children who did not meet these criteria but showed symptoms of TB (possible TB) and were started on treatment were also included in the study. 26 The children were started on the standard first-line anti-TB agents, rifampicin, isoniazid and pyrazinamide with addition of ethambutol for severe forms of TB in accordance with the new WHO guidelines. These guidelines recommend that children receive 10 -15 mg/kg of isoniazid, 10 -15 mg/kg of rifampicin, 30 -40 mg/kg of pyrazinamide and 15 -25 mg/kg of ethambutol. 7 Informed consent was Microbiological data smear positive, n/n 5/23 culture positive, n/n 7/20 Hain positive, n/n 7/8 GeneXpert, n/n 1/13
Diagnostic data positive tuberculin skin test, n/n 13/17 chest X-ray findings, n/n 22/31 cavitary lesion, n/n 4/22 parenchymal consolidation, n/n 19/22 perihilar adenopathy, n/n 14/22
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always obtained from the parents or guardians prior to enrolment, regardless of the age of the child.
Drug treatments
The drugs were provided by the hospital pharmacy and were obtained from Aspen Pharmacare and Sanofi-Aventis South Africa (Pty) Ltd. They were ground and given as food emulsions for children too young to swallow tablets. The drugs were given as fixed-dose combinations. The doses were rounded to the nearest value using the available tablet sizes-combined rifampicin, isoniazid and pyrazinamide 60, 30 and 150 mg tablets, combined rifampicin and isoniazid 60 and 30 mg or 60 and 60 mg tablets, pyrazinamide 150 and 500 mg tablets, and ethambutol 100 and 400 mg tablets-according to weight-based charts.
Study and sampling procedures
Blood samples were obtained from each participant between the 4th and 12th day after the initiation of anti-TB therapy. In order to avoid biased estimations of PK parameters, optimal sampling theory was utilized to identify information-rich timepoints for each of the four drugs with the use of ADAPT II software. 3 -5,27 Six timepoints were identified. Peripheral intravenous catheters were used for sample collections. At each timepoint, 2 mL of blood was collected in EDTA-coated tubes. Each specimen was immediately placed on ice until processing. Blood samples were centrifuged at 2000 g for 10 min. The plasma layer was separated within 30 min after sampling and stored in a cryovial at 2808C until the time of analysis.
Drug concentration measurement assays
The measurement of drug concentrations was carried out by a previously published three-drug assay using LC coupled to tandem MS (AB-Sciex Qtrap w 4500 LC/MS/MS system). 28 The internal standard was 6-amino nicotinic acid. Calibration and quality control standards, along with a blank plasma aliquot and an internal standard aliquot, were used for all runs. Dilutions of standard drug solutions were used to cover the range of concentrations expected for each drug. Three quality control solutions were used to span the range of serum drug concentrations: lowest (QL), intermediate (QM) and highest (QH). The interday and intraday coefficients of variation were below 10%. Selected multiple reaction monitoring transitions were run in the positive ion mode of [M+H] + . Precursor ions to product ions were isoniazid [mass-to-charge ratio (m/z) 138.1 51.9], rifampicin (m/z, 823.1 791.2), pyrazinamide (m/z, 124.1 52.1) and 6-amino nicotinic acid (m/z, 138.7 58.9). Analyst w 1.5 software version 1.5.1 was used. All the calibration curves were linear up to the maximum values stipulated and we did not use a gradient for separation. Analyses were done isocratically at 50% acetonitrile/water, both with 0.1% formic acid. Based on a signal-to-noise ratio of 10 for the limit of quantification, the signal-to-noise ratios from standards were 64 -7500 ng mL for isoniazid, 570 -75 000 ng mL for pyrazinamide and 14 -25 000 ng mL for rifampicin. TB drug levels in children 1117 
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Compartmental PK analyses
All concentrations of rifampicin, isoniazid, pyrazinamide and ethambutol were modelled using the ADAPT 5 software program. 29 First, we utilized the standard two-stage estimation method to generate initial estimates of PK parameters for each drug for a one-, two-or three-compartment model, with first-order input and elimination. The compartmental parameter estimates were then used in the POPINIT subroutine of ADAPT. Next, each drug was modelled to identify PK parameter estimates for each child using the maximum-likelihood solution via the expectation-maximization algorithm. The choice of best compartmental model was then made based on the lowest Akaike information criterion (AIC) score and Bayesian information criteria (BIC). While they should ideally agree, the BIC, which penalizes for complexity, was used for the final decision. However, we also applied the rule of parsimony, based on Occam's razor, which was that if AIC and BIC chose the more complex model, but that model did not significantly improve the parameter estimates compared with the less complex model, then the simpler model offered the best explanation.
Statistical analysis
STATA version 12 was used for the statistical analysis. The baseline characteristics and secondary PK parameters such as C max , T max and AUC 0 -24 were summarized as means+SD. The 2 h concentration values were considered to be binary data: above the reference target concentration or below. The 2 h reference concentrations were 8 mg/L for rifampicin, 3 mg/L for isoniazid, 20 mg/L for pyrazinamide and 2 mg/L for ethambutol based on previous studies that utilized these concentrations to design new doses. 30 These were used simply to identify whether the intended target concentrations for the new WHO doses had been attained. Next, we wanted to identify the proportion of children with these WHO-recommended doses who achieved or exceeded the AUC 0 -24 values shown to be associated with clinical outcome in adult patients with pulmonary TB. 12 These were a pyrazinamide AUC 0 -24 ≤363 mg . h/L, a rifampicin AUC 0 -24 ≤13 mg . h/L and an isoniazid AUC 0 -24 ≤52 mg . h/L. For this latter analysis, the concentrations were not dose-or weight-normalized.
For each of the four drugs, the C max and AUC were dose-normalized, depicted as C max /D and AUC 0 -24 /D, respectively. Graphical exploratory data analysis showed that the C max and AUC 0 -24 values were not normally distributed; hence, non-parametric tests were used to investigate the differences in C max and AUC among the covariates. The Wilcoxon rank sum test was used to delineate the differences in C max /D and AUC 0 -24 /D between younger and older children (≤2 years versus .2 years), sex (male versus female), HIV serostatus (positive versus negative) and nutritional status (malnourished versus non-malnourished).
Results
The application of optimal sampling theory revealed that the best six sampling timepoints in children were 0 (pre-dose) and 0.42, 1.76, 3.37, 10.31 and 24 h post-dose (the 0 and 24 h timepoints were prespecified). These sampling times were then used to time the blood draws. A total of 36 children, treated between May 2012 and March 2013, were eligible for the study. Three parents Hiruy et al.
declined informed consent. One patient improved with antibiotic therapy for bacterial pneumonia and the clinical diagnosis of probable TB was removed, with discontinuation of anti-TB therapy. Another patient was diagnosed with probable gastrointestinal TB after imaging and was disqualified from the study. The baseline anthropometric and clinical data of the 31 remaining children are summarized in Table 1 . A total of 81% children presented with pulmonary TB; 19% had disseminated disease. The percentage of drug concentrations measured that were below the limits of quantification in any of the 31 children at any of the timepoints identified by D-optimality was 0% for rifampicin, pyrazinamide and ethambutol (a total of 558 measurements). For isoniazid, 2% of the 186 measurements were below the limit of detection, all of which were at the 0 h timepoint. The results indicate that the optimal sampling strategy derived from sampling theory was likely to be optimal.
All the children were inpatients and the doses were received under the supervision of nurses; however, 11 children received their doses as outpatients. The dosages received by participants for each of the four drugs were ascertained by checking the drug bottles as well as the prescribed dosages on the participants' charts [ Figures 1 -4 The Spearman's rank correlation coefficient was used to determine whether correlations existed between the underdosing of one drug and another. This evaluation revealed a strong statistically significant correlation between the underdosing of isoniazid and rifampicin (r¼ 0.746, P ¼ 0.001), and isoniazid and pyrazinamide (r ¼0.373, P ¼0.039), but not between rifampicin and pyrazinamide (r ¼ 0.278, P ¼ 0.13). This correlation reflects the fact that fixed-dose combinations were used, an effect compounded by weight-banding.
Rifampicin, pyrazinamide and ethambutol were best described using a one-compartment model, while isoniazid was best described using a two-compartment model. The mean population PK parameter estimates for all four drugs are shown in Table 2 . Secondary PK estimates, such as C max , 2 h concentrations and AUC 0 -24 , are shown in Figures 1 -4 , which highlight the wide interpatient variability for each of the drugs. Table 3 shows how poor the 2 h concentration and C max were as predictors of AUC 0 -24 . The r 2 values were mediocre, except for pyrazinamide, which had a moderate r 2 . The duration of therapy until blood draws for measurement of drug concentration was a median of 7.0 (range 4-12) days. The relationship between the duration of therapy and the drug concentration is shown in Table 4 , which shows that none of the slopes significantly differed from 0. Thus, the duration of therapy until blood draws for the PK study was not associated with a low or high serum drug concentration, even for rifampicin, which undergoes autoinduction. TB drug levels in children Table 5 shows a summary of the proportion of children who achieved the reference 2 h drug concentrations that have been used for dose design in children. For all four drugs, a substantial proportion of the children achieved 2 h concentrations below the reference targets, especially rifampicin and pyrazinamide. This means that for children in KwaZulu-Natal, the new WHO-recommended doses still fail to achieve their intended target concentration. Table 4 also shows that the median value and range of 2 h concentration differed from those for C max for all drugs, except for the pyrazinamide median (but not the range). Table 5 also shows that, for isoniazid and pyrazinamide, most children did not achieve the AUC 0 -24 values that have been shown to be associated with optimal long-term responses such as cure in adults. In the case of rifampicin, a recent clinical study in adults identified a rifampicin AUC of 35 mg . h/L as being predictive of the speed of the sterilizing effect and 2 month sputum conversion rates. 25 Twenty-two (71%) of the 31 children had a rifampicin AUC ≤35 mg . h/L, which suggests that they would have low sterilizing effect rates and delayed cure. Thus, overall, rifampicin, isoniazid and pyrazinamide exposures were below the optimal AUC 0 -24 in a majority of the children.
Next, we performed a univariate analysis for failure to achieve target 2 h drug levels for each of the four study drugs against clinical and demographic factors; only HIV positivity was significantly 
Discussion
There are several findings from our study. First and foremost was the surprisingly high proportion of children with plasma concentrations below normal of all four drugs, even in those receiving the recommended revised WHO dosages. Our findings suggest a need to increase the doses of these drugs in children to above what is currently recommended by the WHO. On the other hand, the target concentrations used to make this recommendation assume that the 2 h and AUC concentrations needed for an optimal effect in adults are the same as in children. This is currently unknown and should be investigated, given possible differences in bacterial burden between adults and children with TB. 31 Second, the PK parameter estimates in the children we studied differed from those in other parts of sub-Saharan Africa and from India. 32, 33 A study from Cape Town, South Africa, reported different AUCs and C max concentrations in children who received the revised WHO-recommended doses. As a result, the proportion of children who achieved drug concentrations below normal was lower than in our current study. Both studies are correct and the differences simply illustrate the large between-patient PK variability in children between different regions of the same country, perhaps due to genetic, demographic and nutritional factors as well as co-morbities. 32, 33 Indeed, in a study of ofloxacin use in adults from the same two places, PK parameter estimates differed between them for MDR TB patients. 34 Similarly, PK parameters and their variability are expected to differ in children in different countries. This variability strongly emphasizes the crucial need to establish population PK parameter estimates in children in each different locale where there is a large paediatric TB burden: children in Mumbai differ from those in KwaZulu-Natal, who differ from those in Cape Town. Our findings should be used to allow a more targeted local adjustment of doses by clinicians.
In summary, despite implementation of the 2010 WHO dosing guidelines, a considerable proportion of children still achieve anti-TB drug concentrations that are below normal. Since the metabolism of each of the drugs arises from different xenobiotic metabolism enzymes encoded by unlinked alleles, the belownormal concentrations observed across all four drugs suggest that dosing practices (in this case in pursuance of WHO guidelines) rather than pharmacogenetic factors are one of the major reasons for the low drug concentrations. The current practice of prescribing first-line TB drugs is weight based; hence, a 2-month-old infant will receive the same 10 mg/kg dose of isoniazid as a 10-year-old child. This approach ignores the significant physiological differences that exist between infants and children based on considerations of allometric and fractal geometry, in addition to the weight difference. 35 -38 Thus, further well-powered studies are needed to elucidate optimal age-based and weight-based dose schedules in the paediatric population. In addition, studies that also compare the clinical responses in children with normal or below-normal levels are needed to further inform and strengthen the underlying concern that a failure to achieve the therapeutic targets in the anti-TB pharmacotherapy for children may be a driver of poor outcomes and ADR. 
